Abstract-This paper is focussed on the miniaturization and characterization of semi-lumped resonators, of interest for the synthesis of metamaterial-based structures such as metamaterial transmission lines, frequency selective surfaces, absorbers, and radiating elements, among others. The particles consist on metallic patterns etched on a dielectric and are inspired on the split ring resonator, SRR (that is, the formerly resonant particle used for the synthesis of left handed metamaterials). The different strategies for miniaturization are discussed and examples are given. It is shown that by using two metallic levels connected through vias it is possible to achieve very small electrical size for the particles (namely, below O/100, where O is the wavelength in the considered substrate at resonance). A method to determine the electrical parameters of the resonators in metamaterial transmission line configurations is also presented, and the possibility to determine the characteristics of the isolated particles is discussed. Finally, examples of application of this technique are presented. This work is of interest for the synthesis of effective media metamaterials based on resonant elements.
I. INTRODUCTION
Effective media metamaterials are artificial structures based on periodic inclusions of metals and/or dielectrics that exhibit controllable characteristics. Rather than being based on the composition of the elements forming the medium, the electromagnetic (or optical) properties of effective media metamaterials are based on their structure. Thanks to this controllability, it is possible to synthesize media with unusual properties, including negative refractive index media [1] , or invisible cloaks [2] , among others. Probably, the most relevant works that have led to the explosion of metamaterials are due to Pendry and co-workers [3] , Smith and co-workers [4] , and Veselago [5] . In [3] , the split ring resonator (SRR) -see Fig. 1a was presented as a small size resonant particle useful for the synthesis of artificial (anisotropic) media with negative effective permeability. In [4] , it was synthesized the first left handed medium by combining SRRs with metallic posts (the latter providing the required negative permittivity). Although highly anisotropic (the structure presented in [4] is a bulk onedimensional left-handed medium), it represented the first synthesis of a medium with simultaneous negative permittivity and permeability (the properties of those media were already anticipated by Veselago in 1968 [5] , and have been experimentally demonstrated from the beginning of this millennium -see [6] [7] [8] [9] and references therein).
Multiple works have been devoted to the synthesis of functional artificial structures based on SRRs. This includes, metamaterial transmission lines (and their microwave applications [10, 11] ), admittance surfaces [12] , absorbers [13] , radiating elements [14, 15] , imaging devices [16] , etc. (see [9] for more details). One key aspect in many of these applications is the miniaturization of the resonant particles. To reduce the electrical size of SRRs, it is necessary to enhance the coupling between the individual rings [17] . In a uni-planar configuration (edge coupling), the limit is given by the minimum distance between etched metals, which is of the order of 50-100 Pm for typical microwave substrates and etching systems (drilling machine or photo/etching system). With such critical dimensions, it is not possible to achieve particle diameters smaller than O/10. The electrical size of the particle can be reduced by etching the individual rings face-toface at different metal levels (broadside coupling), see Fig.  1 (c). By using thin dielectrics, the distributed capacitance between the rings can be increased and the first resonance frequency significantly reduced (SRR diameters of about O/30 have been demonstrated by using this approach [18] ). Another possibility is to modify the topology so that the slits are etched in the same position and the inner and outer rings are cross connected [19, 20] . The resulting topology is indeed a two-turn spiral (Fig. 1b) whose resonance frequency is half the resonance frequency of the SRR (the particle inductance is preserved but the capacitance is enhanced by a factor of four [19] ).
In this paper, different strategies for particle miniaturization are presented. Miniaturization levels superior to O/100 are demonstrated. In some cases, due to their complexity, it is difficult to derive analytical models for such particles. For this reason, we have developed a method to obtain the electrical parameters of the resonators when they are coupled to transmission lines. The possibility to obtain the parameters of the decoupled particles is discussed, and examples of particle characterization are provided.
II. STRATEGIES FOR PARTICLE MINIATURIZATION The strategies for the miniaturization of metamaterial resonators either consist on using two metallic levels connected by vias and/or increasing the number of elements constituting the structure. For instance, it is possible to significantly reduce the electrical size of the resonators by implementing a two-turn spiral resonator with either turn etched face-to-face at both sides of a thin substrate and connected through a via (Fig 1f) . By means of this topology, we take benefit of the broadside coupling as well as the higher capacitance inherent to the topology, as has been discussed in the previous section with regard to the two turn uni-planar spiral resonator (Fig 1b) . We can further reduce the particle size by increasing the number of turns, as is illustrated in Fig.  1 (g). With this particle we achieve a high level of miniaturization, which is of the order of O/100 provided a substrate with 0.127mm thickness is considered. c=0.2mm, distance between strips d=0.2mm, external radius r=3.8mm, substrate thickness h=0.127mm (for resonators formed by two metal layers). For the CPW structure the central strip width is W=7mm, the width of the slots is G=1.35mm, the length of the line is L=8.6mm and the substrate thickness H=0.635mm.
By increasing the number of turns of the spiral resonator in a uni-planar metal configuration (Fig 1e) , the resonance frequency can be significantly reduced, although it tends to saturate. It is also possible to introduce further rings to the topology of the SRR, as Fig. 1(d) illustrates. This also reduces the electrical size due to multiple coupling. The different topologies discussed, as well as their electrical size, are all depicted in Fig. 1 . To obtain the electrical size of these particles we have coupled them to a CPW transmission line, as is depicted in Fig. 2 , and we have obtained the simulated transmission coefficient of the structure (by using the Agilent Momentum commercial software). The transmission zero coincides with the resonance frequency of the particle. Thus, we can easily obtain the particle size in terms of the wavelength at resonance. We must mention that the resonance frequency obtained by following this procedure corresponds to the resonance of the particle coupled to the line. That is, the presence of the CPW affects the particle to some extent (this aspect will be discussed later). Nevertheless, in many applications, the particles are coupled to a line and it is of interest to infer the parameter under these circumstances. 
III. PARAMETER EXTRACTION
The structure of Fig. 2 can be described by the circuit model of Fig. 3(a) [21] . The resonators are described by the resonant tank L s -C s , M is the mutual inductive coupling between the line and the resonators, L is the line inductance and C the line capacitance. Notice that, contrary to the model reported in [21] , in the model of Fig. 3(a) we have not used the magnetic wall concept since it is not actually necessary. This circuit model can be transformed to that of Fig. 3(b) with the following transformations:
where Z o =2Sf o , f o being the resonance frequency of the resonators: To determine the parameters of the circuit model of Fig. 3(b) we need four conditions. From the representation of the reflection coefficient, S 11 , in the Smith Chart, two conditions are obtained. On one hand, we can determine the frequency that nulls the series reactance, f z , from the intercept of S 11 with the unit conductance circle. This is obvious since at this frequency, the real part of the admittance seen from the ports is simply the admittance of the opposite port, that is, Y o =1/Z o =(50:) -1 =0.02S. This frequency is given by the following expression:
On the other hand, the susceptance of the unit cell seen from the ports at f z , which can be inferred from the Smith Chart, is: (8) with Z S/2 =2Sf S/2 . Expressions (4)-(6) and (8) are the four conditions needed to univocally determine the circuit parameters of Fig. 3(b) . To illustrate the accuracy of the reported method and the validity of the model, we have applied it to determine the parameters of the structure depicted in Fig. 2. Fig. 4 shows the comparison between the electromagnetic and circuit simulation (the circuit parameters have been inferred from the simulated S-parameters of the structure, but it is also possible to infer them from measurement). Good agreement has been obtained, indicating the validity of the circuit model and parameter extraction. 
IV. APPLICATION OF THE PARAMETER EXTRACTON TECHNIQUE TO THE MINIATURIZED RESONATORS
The method reported in the previous section has been applied to obtain the parameters of the circuit model of Fig.  3(b) , corresponding to the CPW transmission lines loaded with the resonant elements considered in Section II. The results are given in Table I. Additionally, in this table are given the values of the elements of the original circuit (Fig.  3a) , which have been inferred from transformation (1)- (3) by considering M=Lf, where f is the fraction of the slots occupied by the resonant elements. This assumption is roughly valid if (i) the resonant elements can be described through a quasistatic analysis, and (ii) the magnetic flux lines generated by the line in the region of the resonators penetrate the whole resonator area. To satisfy the latter requirement it is necessary to use moderate or narrow substrates. It is worth mentioning that the estimated resonator parameters correspond to the particle in the presence of the CPW on the opposite substrate side. However, it is possible to estimate the parameters of the isolated particle (that is, without the presence of the CPW metal level). To this end we make the following assumption: the resonators are considerably distant to the CPW. Under this conditions, the capacitance C s roughly coincides with the capacitance of the isolated particle, C I . The inductance of the isolated particle can be inferred from the method of images according to:
where M' is the mutual coupling between the resonator and its image.
We have applied this procedure to the SRR particle since the analytical model of this particle is well known [18] . The parameters of the isolated resonator coincide to a good approximation with those inferred from the method reported in [18] for substrate thicknesses in the vicinity of 0.6mm-0.8mm. For thicker substrates, the values inferred from the analytical model can also be obtained by varying (decreasing) the filling factor f (that is, the second assumption for the validity of M=Lf is not satisfied). For thinner substrates the distributed capacitance between the individual rings of the SRR is influenced by the presence of the CPW metal level, and this complicates C I calculation. In deriving (9) , it has been considered that the effect of the slots (CPW) is negligible.
According to these words, to accurately derive the parameters of the isolated particles, we need to know M accurately, and this is not so simple because we can not consider that the optimized substrate thicknesses for the SRR hold for other particles. Indeed, this has been corroborated since it has been found that the optimized substrate thickness for the broadside coupled SRR is different. Nevertheless, for many applications based on the transmission line model of Fig. 3(b) , the reported parameter extraction techniques is very valuable, since we are able to determine not only the resonator parameters, but also the line parameters very accurately. For the isolated particles, the method is only able to provide approximate values of the resonator parameters. This method is of special interest for those structures based on complex resonators which can not be easily modelled.
V. CONCLUSIONS In conclusion, we have proposed small size planar resonators of interest for the synthesis of effective media metamaterials. Dimensions as small as O/100 (O being the wavelength at resonance) have been demonstrated. We have also proposed a technique for the determination of resonator parameters when they are coupled to a planar transmission line. This is of interest in many applications based on transmission line metamaterials. The technique has been applied to various resonant particles. The procedure for the determination of the parameters of the isolated particles has also been discussed, and its limitations have been pointed out. This paper is of interest for the microwave community involved in metamaterial synthesis and their applications.
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